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Molecular determinants of
mammalian sex

Milton H. Werner, Jeffrey R. Huth,
Angela M. Gronenborn and G. Marius Clore

Mammalian male sex determination is controlied by a complex hierarchy .

of gene regulatory proteins and hormones, which promote male gonadal
development and regression of the female primordia. At the core of this
pathway lies the SRY protein, the master developmental switch for testicu-
lar differentiation and hence, the male sex. The three-dimensional struc-
ture of the SRY-DNA complex suggests a model of developmental gene
regulation in which proteins that alter DNA structure and promote the as-
sembly of higher-order nucleoprotein complexes play an essential role in
the timing of cell specialization events.

IN MAMMALIAN SEXUAL differenti-
ation, male and female developmental
pathways are controlled by the presence
or ahsence of hormones, which are pro-
duced by the male and female gonads
in the developing fetus. Before hormonal
secretion, XX and XY embryos develop
two pairs of genital ducts associated
with the undifferentiated gonads. The
Miillerian ducts have the potential to
differentiate into the fallopian tubes,
uterus, cervix and upper vagina of the
female reproductive tract. The Wolffian
ducts become the vas deferens, epi-
didymis and seminal vesicles of the
male reproductive tract. Consequently,
for normal male or female development
to occur, one genital duct system must
differentiate while the other must
regress (Fig. 1).

Regression of the female pathway is
achieved by the production of Miillerian
inhibitory substance (MIS) (also known
as the anti-Miillerian hormone) in the
fetal testicular Sertoli cells. Subse-
quently, testosterone, produced by the
Leydig cells of the testes, induces dif-
ferentiation of the Wolffian ducts into
male reproductive organs. In the ab-
sence of testes, and therefore in the ab-
sence of both MIS and testosterone, the
Wolffian ducts passively regress, creat-
ing a permissive environment for the
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differentiation of the Miillerian ducts,
and thereby, female reproductive organs.

Thus, MIS and testosterone impose a
male pattern of development upon an
inherently female program. As the male
phenotype is controlled by testicular
hormones, testicular differentiation is
the first identifiable step in the male
sex determination pathway. Central to
the male pathway is the testis deter-
mining factor SRY, synthesis of which
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leads directly to the development of the
testes, and thus, to male sex.

Reguiated expression in the
undifferentiated gonad

Three gene products appear to play
regulatory roles in the development of
the undifferentiated gonad, namely the
Wilms’ tumor suppressor protein WT1
(Ref. 1), the orphan nuclear receptor
protein SF-1 (Ref. 2) and a high mobility
group (HMG) family member, which is
closely related to SRY and known as
SOX9 (Ref. 3) (Fig. 1). Each of these
proteins possesses a sequence-specific
DNA-binding domain and a putative
protein-protein interaction domain,
attributes that suggest that these pro-
teins regulate transcription. Expression
patterns for the genes encoding these
proteins indicate that their influence
is exerted before the appearance of
morphological differences between
the sexes in the developing gonad.
Mutations in WT1 and SOX9 give rise to
disease phenotypes, which affect more
than one organ system, indicative of an
early role for these proteins in embry-
onic differentiation.

WT1 and transcriptional regulation. The
DNA-binding domain of WT1 comprises
four Cys,His, (Kriippel-type) zinc fingers,
which have significant homology to the
EGR family of transcription factors.
Chromosomal deletions first identified
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The proteins implicated in the mammalian sex determination pathway are illustrated for go-
nadal differentiation in the mouse. The approximate number of days post coitum at which
transcripts for the indicated proteins are seen (bottom) is correlated with certain general
events in differentiation. The mouse chromosome on which the corresponding gene has
been mapped is indicated in parentheses. The anatomical drawings are for illustrative pur-
poses only and do not represent the actual appearance of these structures in the develop-
ing embryo. The role of DAX-1 is considered speculative (see text) and is therefore
indicated with a question mark. Abbreviation used: MIS, Millerian inhibitory substance.
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in patients suffering from a collection
of disorders known as WAGR syndrome
(Wilms’ tumors, Anridia, Genito-urinary
abnormalities and mental Retardation)
led to the mapping of the WT1 gene
on human chromosome 11. Point mu-
tations in WT1 often lead to the more
severe Denys-Drash syndrome, charac-
terized by childhood kidney cancers
(Wilms' tumors), glomerular neph-
ropathy and varying degrees of abnor-
mal gonadal development!. Individuals
heterozygous for certain point mu-
tations display phenotypic features of
XY sex-reversed females, in addition to
other defects, reflecting the common
embryological origin of the kidneys and
gonads. Fingers 2-4 of WT1 share 60%
sequence identity with the DNA-binding
domain of Egr-1 (Ref. 4), whose struc-
ture provides a framework onto which
WT1 mutations can be mapped (Fig. 2).
These mutations occur either in resi-
dues forming part of the DNA-binding
surface or in residues that coordinate
zinc. Many of the mutations that result
in Denys-Drash syndrome are expected
to result in defective DNA-binding and,
therefore, a loss of WT1 transcriptional
regulation.

A minority of WT1 mutations affect
the proportion of alternate splicing
variants, which might provide insight
into understanding the complex regu-
latory properties of the protein. Two
different insertions naturally occur in
WT1: the tripeptide Lys-Thr-Ser (KTS)
can be inserted at position 407, be-
tween fingers 3 and 4 (Fig. 2); and an
additional 17 amino acid insertion,
with a potential phosphorylation site,
can occur just amino-terminal of the
residues that coordinate " zinc. Thus,
four alternate splicing variants, with
either one of the insertions, both inser-
tions or no insertions, are possible’,
Alternatively spliced variants of WT1
have different promoter specificities and
varying effects on levels of transcrip-
tion®. Heterozygous mutations, which
disrupt the activities of these isoforms,
can have dominant negative effects by
affecting the function of the wild-type
allele, leading to nephropathy, intersex
disorders and a predisposition to the
development of Wilms’ tumors.

The timing of expression of the gene
encoding WT1 seems to be at the
mesenchyme-epithelial transition in the
developing embryo. An unusual propor-
tion of Denys-Drash patients displaying
abnormal genitalia (and other defects)
appear to carry a single mutation in
finger 3, which converts Arg394—-Trp
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Figure 2
Mutations in WT1 associated with Denys-Drash syndrome affect the DNA-binding surface
of the protein. Fingers 2-4 of WT1 are mapped on to the crystal structure of Egr-1 (Ref. 4).
(a) Mutants that interact directly with DNA bases are indicated in yellow, those that coordi-
nate zinc (blue balls) are shown in grey. (b) The point mutants identified in Denys-Drash
syndrome are indicated. One additional point mutant is known in Finger 1 (not shown),
namely C330Y and is involved in zinc coordination.

(Ref. 1) (Fig. 2). These individuals show
large variability in the extent of the ob-
served genital abnormalities, some with
both Miillerian- and Wolffian-derived
structures, others having neither. Murine
homozygous nulls for wt! die at mid-
gestation with complete failure in
mesenchymal differentiation, which re-
sults in the absence of both kidneys
and gonads. In addition, the histology
seen in kidney stem cells that have lost
WT1 function indicates that these cells
continue to proliferate instead of going
into terminal differentiation. These ob-
servations suggest that WT1 acts either
to repress the expression of genes re-
quired to maintain cellular proliferation
or to activate genes responsible for
terminating differentiation.

Co-transfection experiments, in which
synthesis of WT1 was linked to a
reporter construct in NIH-3T3 cells,
indicated that a region of the protein
outside of the DNA-binding domain is
associated with strong transcriptional
repression. Fusion of this domain,
which contains a putative protein-
protein interaction domain rich in pro-
line and glutamine, to the DNA-binding
domain of Egr-1 converted Egr-1 to a
transcriptional repressor in the same
assay system. Thus, WT1 appears to act
as a transcriptional repressor!. As a
consequence, WT1 is also a candidate
tumor suppressor in the kidney (and
perhaps gonad). To date, no candidate
gene involved in gonadal differentiation
has been identified whose expression is
directly regulated by WT1.

$0X9. A second early gene product
implicated in gonadal development is
SOX9 (Ref. 7). Mutations in the sox9 gene,
located on human chromosome 17, have
been linked to a severe dwarfism syn-
drome known as campomelic dysplasia
(CD)". Patients with CD display a number
of congenital skeletal abnormalities and
more than 30% are 46X,Y females with a
gradation of genital defects. The pheno-
types of these patients have been associ-
ated with mutations that lead to severely
truncated proteins, or with chromo-
somal translocations that occur some
distance upstream of the sox9 gene, al-
tering the level of gene expression®. As
these mutations are present in only one
allele of the gene, the skeletal and geni-
tal abnormalities seen in CD might be
owing to haplo-insufficiency of the sox9
gene product. The gene encodes a pro-
tein member of the HMG superfamily of
DNA-binding proteins, which contains a
DNA-binding domain that shares nearly
50% sequence identity to the DNA-
binding domain of SRY. The similarity in
the DNA-binding HMG domains of SOX9
and SRY suggests a common function for
these gene products in transcriptional
regulation. The three-dimensional struc-
ture of the SRY-DNA complex?® therefore
provides a framework from which to
understand the biological function of
SOX proteins in development.

Turning on testicular differentiation

The testis-determining factor SRY. During
meiosis in males, aberrant crossing-over
near the short arm telomeres of the X
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Figure 3
(a) Protein-DNA interactions in the SRY-HMG/DNA complex. Residues that directly inter-
act with DNA bases are depicted as a yellow molecular surface attached to a green protein
backbone. The intercalative wedge is formed by Met64, Asn65, Phe67, e68 and Trp98,
and intercalates between A-T basepairs 5 and 6. (b) Schematic representation of the
wedge indicating how it inserts into the DNA. The wedge is anchored by Asn65, which
hydrogen-bonds to the C4-G13 basepair below the site of insertion.

and Y chromosomes can transfer Y-
specific DNA into the genome of an
otherwise XX individual. These XX ‘sex-
reversed’ individuals, and their XY
counterparts lacking a similar portion
of the short-arm of the Y chromosome,
led to the discovery of a factor respon-
sible for testicular differentiation, the
testis determining factor SRY (Refs 10,
11). SRY is a member of the HMG super-
family of DNA-binding proteins, a family
characterized by an unusual L- or
boomerang-shaped DNA-binding do-
main®'2!%, Sequence analyses of SRY
proteins from a variety of mammals in-
dicate that there is little sequence simi-
larity, even among primate species, out-
side the DNA-binding HMG domain.
Within the DNA-binding domain; how-
ever, sequence identity is greater than
60% (Refs 14-16). Mutations in SRY that
lead to sex-reversal occur in the HMG
box, with only one exception, strongly
suggesting that the associated function
of the SRY protein resides primarily in
the DNA-binding domain itself. In vitro
and in vivo studies of SRY have demon-
strated that SRY binds specifically to
the sequence AACAA(A/T)(G/C), bends
DNA by more than 70° and is capable of
transcriptional trans-activation!”18,

The three-dimensional structure of the
human SRY-HMG/DNA complex® con-
firmed earlier biochemical experiments
suggesting that the protein binds exclu-
sively in the minor groove'®. Moreover,
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the structure revealed the presence of a
‘meehanical wedge’, formed by a tetrad
of hydrophobic amino-acids that inter-
calates at an ApA basestep and un-
winds the DNA helix® (Fig. 3). The struc-
ture of the SRY-HMG/ DNA complex
provides an atomic view and conse-
quently, affords an explanation for the
molecular basis of 46X,Y sex reversal®
(Fig. 4). Genetic defects in the SRY-
HMG domain are expected to alter or
disrupt the domain structure in three
key regions: the hydrophobic triad
formed by Val60, Tyr124 and Tyrl27;
the hydrophobic core of the domain;
and the intercalative wedge comprising
Met64, Asn65, Phe67, 1le68 and Trp98
(Fig. 4). The consequence of mutations
in each of these three regions is a loss
of DNA-binding, altered DNA-bending or
both (Table I).

Targets for SRY activity. The ability of
SRY to significantly alter DNA structure
suggests that SRY has an architectural
role in testicular differentiation by pro-
moting the assembly of higher-order
complexes of protein and DNA through
DNA bending?-22, These complexes are
likely to be constructed from one or
more additional sequence-specific DNA-
binding proteins that, together, form a
functional regulatory unit. The promoter
for the gene encoding the Miillerian in-
hibitory substance (MIS) is one poten-
tial target for SRY transcriptional regu-
lation. The onset of MIS synthesis in
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mouse pre-Sertoli cells occurs early in
gonadal differentiation, within 20 hours
of the onset of SRY production?®,

Co-transfection assays with an SRY
expression vector and a reporter con-
struct containing the MIS promoter in-
dicate that SRY is correlated with tran-
scriptional activation at this promoter
in a tissue culture model of the differen-
tiating gonad?. In addition, SRY has a
clear DNase | footprint covering 24 bp in
the human MIS promoter, 6 bp of which
(CACAAA) bear a strong resemblance
to the consensus sequence derived
from in vitro binding-site selection ex-
periments, namely AACAA(A/T)*. Under
some conditions, however, an oligo-
nucleotide duplex comprising the
DNase [ footprint sequence fails to
show an electrophoretic mobility shift?,
This observation, coupled with the
poor selection for C at position one in
binding-site selection experiments, has
led to the suggestion that SRY must
bind weakly at the MIS promoter, and
therefore could not have a direct role in
transcriptional regulation of MIS. The
three-dimensional structure of the com-
plex of SRY with the DNA octamer de-
rived from the MIS promoter?, as well as
additional biochemical data, suggest
that SRY, or an SRY-like protein, can
regulate MIS synthesis.

SRY clearly forms an extremely stable,
specific complex (K in the nM range)
with an octamer sequence contained
within the DNase 1 footprint of SRY at
the human MIS promoter (GCACAAAC)®.
Complexes of the SRY- HMG box with
this octamer duplex are readily ob-
served in electrophoretic mobility shift
experiments, and SRY protects base-
pairs 2-8 of this sequence from cleav-
age by hydroxyl radicals (M. H. Werner,
A. M. Gronenborn, G. M. Clore and
M. Bianchi, unpublished). The identical
octamer sequence was used in the three-
dimensional structure determination of
the SRY-HMG/DNA complex, which was
carried out at 37°C; approximately 13°C
above the melting temperature of the
free octamer duplex alone®. Moreover,
the C~-G basepair at position two, which
is substituted for an A-T basepair in
the consensus sequence derived from
in vitro selection experiments, does not
participate in any base specific inter-
actions with SRY (Ref. 9). Thus, there
is little question that SRY can form a
stable, specific complex with a GCA-
CAAAC duplex. In the context of the
full MIS DNase I footprint, however,
this sequence is degenerate (CACAAA-
CAC), a fact that might complicate the
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analysis of electrophoretic mobility ex-
periments and could partially account
for the failure to observe an SRY band-
shift with an oligonucleotide duplex en-
compassing the DNase I footprint under
certain circumstances®. Apparent DNA-
binding affinity alone, therefore, might
not adequately reveal the complexity
of interaction between SRY and the
MIS promoter.

Mutations within the DNase I foot-
print sequence in the MIS promoter,
which reduced the apparent binding
affinity of SRY to this sequence in vitro,
did not suppress the transcriptional re-
sponse of this mutant locus to SRY syn-
thesis in vivo™. As the affinity of SRY
for the mutant locus was significantly
lowered, one interpretation of this
observation is that the regulation of
MIS synthesis in vivo is indirect, per-
haps involving intervening factor(s)
(SRYIFs) whose production is regulated
by SRY (Ref. 24).

As already noted, it is inadequate to
assess the activity of SRY in terms of
apparent binding strength alone with-
out considering the functional context
of SRY action. An alternative interpre-
tation is that SRY-induced DNA bending
is not disrupted in the in vivo ex-
pression assay, even if the apparent in
vitro affinity of SRY alone for a specific
DNA-binding target is weakened. Hence,
the key question is: if the affinity of SRY
is reduced for a certain sequence, does
this disrupt the ability of SRY to bend
the DNA at that locus?

The ability of a weakly bound DNA-
bending protein to support the assem-
bly of a higher-order complex has
recently been demonstrated for inte-
gration host factor (IHF), a protein in
Escherichia coli that normally promotes
the assembly of the phage A\ intasome
through sequence-specific bends?®, In
certain contexts, a non-sequence spe-
cific £. coli analog of IHF (known as the
HU protein) localizes to the IHF site,
where it can functionally replace IHF
(Ref. 27), suggesting that the non-
specifically bound protein can establish
the necessary architecture at the bend-
ing locus during assembly of a func-
tional complex. From this perspective,
SRY might function at a mutant MIS pro-
moter despite the apparent reduced af-
finity of SRY for the mutant DNA-binding
site. High affinity DNA binding of SRY
to MIS might, therefore, be impor-
tant for efficient targeting of the DNA-
bending protein to the optimal bending
locus. However, even if the bending
locus at the MIS promoter is comprised
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Figure 4
Mutations in SRY that result in 46X,Y sex reversal. {a@) Mutations that impinge on the inter-
action of SRY with DNA are shown in yellow, non-mutated residues whose interaction is
affected by other mutations are shown in magenta, and the hydrophobic triad stabilizing
the amino and carboxyl terminii is shown in red. (b) Mutations that destabilize the high
mobility group (HMG)-domain fold are shown in yellow, non-mutated residues that form the
balance of the internal packing clusters in the domain are shown in red.

of a sub-optimal binding site, SRY might
still have the ability to aid in the assem-
bly of a functional complex; for exam-
ple, the mutant Lys106—lle binds 100-
fold more weakly to an SRY-binding site,
but induces a wild-type bend in the
DNA in vitro®®. This interpretation obvi-
ates the necessity of involving SRYIFs in
transcription of the gene encoding MIS.
Instead, it is possible that a DNA bend
induced by SRY, or more generally, an
SRY-like protein, is especially favorable
for promoting the assembly of higher-
order structures, even in a sub-optimal
DNA-binding mode. Thus, it is plausible
that either SRY or an SRY-related HMG-
box protein (SOX protein) is an impor-
tant component of MIS gene regulation.

Suppression of the female phenotype
Androgen receptor. After development of
the testes, commitment to the male sex
involves two simultaneous pathways,
one stimulatory and the other in-
hibitory. The stimulatory events require
high levels of androgens and a func-
tional androgen receptor (AR). The AR
is a classical nuclear hormone receptor
closely related to the estrogen receptor
(ER), glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR) pro-
teins. Mutations in the human gene en-
coding the AR, located on the X chromo-
some, lead to a gradation of genital
defects owing to androgen insensitivity
(androgen insensitivity syndrome, AIS)®.

More than 150 mutations have been re-
ported to date that primarily affect either
the DNA-binding or the steroid-binding
domains of the AR protein, of which
those in the DNA-binding zinc-finger do-
main are expected to directly interfere
with either DNA binding, protein dimer-
ization or a combination of these30.

Miillerian inhibitory substance. Regression
of female reproductive structures is ac-
complished by MIS (Ref. 31). MIS is one
of the first proteins produced by the de-
veloping testis before its morphological
differentiation, and its synthesis is re-
stricted to the Sertoli cells. In the adult,
MIS synthesis is detectable in both the
testicular Sertoli cells and at very low
levels in the granulosa cells of the post-
natal ovary. The observation of a sex-
ually dimorphic pattern of synthesis
linked MIS to the pathway for sex deter-
mination and, consequently, led to the
identification of its gene on human
chromosome 19.

MIS is a homodimeric glycoprotein
of the transforming growth factor B
(TGF-B) superfamily. Post-translational
proteolysis of the 140kDa dimer acti-
vates the hormone, but the two proteo-
Iytic fragments remain associated with
one another, even though the carboxy-
terminal 25kDa dimer fragment is inde-
pendently capable of regressing Miillerian
ducts®. The extent of glycosylation ap-
proaches 18% by weight in the rat pro-
tein, but removal of carbohydrate by

305



REVIEWS

Table 1. The effect of point mutations in SRY that result in 46X,Y sex reversal®
DNA DNA

Mutation binding bending Structural defect Ref(s)
De novo

Arg62—Gly NT NT Removes salt bridge to DNA backbone 45

Met64—lle <WT <WT Distorts intercalative hydrophobic wedge 28, 46

lle68—Thr «WT NT Distorts intercalative hydrophobic wedge 24

Met78—-Thr NT NT Destabilizes protein core 45

Gly95—Arg «“WT NT Distorts intercalative hydrophobic wedge 28, 46

and introduces steric clash with DNA backbone

Leu101—His NT NT Destabilizes protein core 47

Alal113-—Thr NT NT Destabilizes protein core 48

Tyrl27—Cys NT NT Destabilizes protein core 49

Lys133—Trp NT NT Unknown® 45
Inherited

Val60—leu «WT NT Destabilizes protein core 46

11e90—-Met =WT NT Destabilizes protein core 28, 46

Phe109—Ser = NT Destabilizes protein core 28
Unknown origin

Lys106-lle «WT =WT Destabilizes protein core 28, 46
The apparent effects of point mutations on DNA binding and bending were analysed by electrophoretic
mobility shift and circular permutation, respectively, and the references for these studies are indicated.
De novo mutations are those not present in the paternal Y chromosome. Abbreviations used: NT, not
tested; =WT, similar to wild type; <WT, complex visible by electrophoretic mobility shift, but with
significantly reduced DNA-binding affinity; <WT, complex not visible by electrophoretic mobility shift. The
Met64—ile mutation reduces the bend angle by approximatety 25%.
bLys133 was outside the region of the hSRY-HMG domain whose structure was solved in the DNA
complex®.

endoglycosidase F does not alter its ac-
tivity. Mutations in MIS have been found
in some patients with persistent Miiller-
ian duct syndrome (PMDS), a rare form
of male pseudohermaphroditism, which
is characterized by the presence of a
uterus and Fallopian tubes in XY indi-
viduals that are overtly male in pheno-
type’334, Other cases of PMDS, in which
normal levels of serum MIS are de-
tected, might be owing to mutations in
the receptor for MIS (Ref. 35).

SF1 is an orphan nuclear receptor
protein, which has been implicated in
the regulation of the steroid hydroxyl-
ases, and perhaps has a developmental
role in the differentiation of the
adrenals and gonads?%, Although SF-1
transcripts appear as early as day nine
in the mouse, quantitative analysis of
the expression patterns of the genes en-
coding SF-1 and MIS in developing rat
embryos demonstrate that expression
levels are coincident during the interval
of Miillerian duct regression. This evi-
dence supports in vitro DNA-binding ex-
periments that demonstrated SF-1 bind-
ing to sequences derived from the MIS
promoter®. A luciferase reporter con-
struct under the control of the MIS pro-
moter in HelLa cells is unresponsive to
SF-1, but is constitutively activated by
an SF-1 deletion construct, indicating
that a frans-regulatory domain exists in
the deleted carboxy-terminal half of the
protein®. This domain either binds an
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unidentified ligand specific to Sertoli
cells or instead, might be a protein-
protein interaction domain.

DAX-1. A binding site for SF-1 has re-
cently been identified within the pro-
moter of another gene implicated in
the sex-determination pathway, dax-I
(Ref. 36). Mutations in DAX-1 lead to
adrenal hypoplasia congenita (AHC), an
X-linked disorder, in which the adrenal
glands fail to fully develop®. AHC is fre-
quently associated with a failure of sex-
ual maturation at puberty, a condition
known as hypogonadotropic hypo-
gonadism (HHG), connecting DAX-1 to
the development of gonadal structures,
although its influence appears to be
indirect’”. While SF-1 null mutants fail
to develop adrenals or gonads, DAX-1
mutations lead only to arrested
development, with the adrenals failing
to differentiate beyond the fetal stage.
Thus, the influence of DAX-1 must be
downstream of SF-1 in the develop-
mental hierarchy. The dax! gene maps
to a region of the X chromosome (Xp21)
that had previously been associated
with dosage sensitive sex reversal
(DSS), AHC and HHG, but does not com-
prise the entire Xp21 region. DSS is a
consequence of a duplication of Xp21
and some have speculated that sex
reversal in these cases results from a
female-specific function, which is turned
on in XY individuals owing to the extra
dosage of the dax-1 gene product®®®. In
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a normal XY male, the lower dosage of
the dax-1 gene product might be in-
capable of stimulating this response®.
The dax-I gene encodes a protein be-
lieved to be a member of the nuclear
hormone receptor superfamily, on the
basis of a roughly 50% continuous simi-
larity between its carboxy-terminal por-
tion and the ligand-binding domain of
the nuclear hormone receptors. The
amino-terminal 258 amino acids com-
prise four incomplete repeats of a novel
alanine/glycine-rich, 65-67-amino acid
sequence motif”. Having only recently
been cloned, no targets for DAX-1 have
yet been identified.

A regulatory hypothesis for gonadal
differentiation

The gene regulatory proteins in go-
nadal development identified to date
cluster into two families, the (orphan)
nuclear hormone receptors (WT1, SF-1
and DAX-1) and the HMG architectural
proteins (SOX9 and SRY). The structure
of the SRY-HMG/DNA complex suggests
that there might be a more general role
for SOX proteins as architectural
elements in developmental gene ex-
pression. Approximately 20 SOX pro-
teins have been identified to date, many
of which are associated with regulating
cell specialization events during devel-
opment*~3, Although the organization
of functional domains within SOX pro-
teins varies, the SOX subfamily is
characterized by a highly conserved
DNA-binding HMG box. Taking into
account the even higher degree of con-
servation for residues that contact the
DNA, it is likely that the SOX subfamily
will display nearly the same preference
for the AACAA(A/T) sequence found for
SRY. Thus, with respect to DNA binding
and bending, SOX proteins could gener-
ally be expected to induce a similar
kind of distortion at a specific DNA
target as that observed in the SRY-
HMG/DNA complex. What might distin-
guish one SOX protein from another is
either the timing of its synthesis during
stages of development, the role other
domains within a SOX protein play
in assembling a functional regulatory
complex at a specific promoter, or both.

A significant component of the regu-
latory cascade in gonadal differentiation
might, therefore, be the assembly of ap-
propriately timed complexes consisting
of a SOX protein and other promoter-
specific DNA-binding proteins (Fig. 5).
In these higher-order assemblies, ad-
ditional sequence-specific DNA-binding
proteins might or might not interact
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with the SOX protein, but al-
most certainly interact with
each other to form a func-
tional complex. The amino acid
sequences for both mouse and
human SOX9 proteins contain
conserved HMG DNA-binding
domains and proline/glutamine-
rich putative protein-protein
interaction domains, suggest-
ing that recruitment of regu-
latory proteins to the site of
SOX-induced bending can in-
volve direct contact with the
architectural element. A serine-
rich domain from SOX4 has
been shown to trans-activate
expression, confirming a role
for protein-protein interac-
tions in some SOX functional
contexts™. It is anticipated,
therefore, that many SOX gene
products will contain con-
served DNA-binding and pro-
tein-binding domains. As SOX
proteins probably exhibit very
similar DNA-sequence speci-
ficities, the fidelity of a SOX-
induced nucleoprotein assem-
bly might be defined by the
protein—protein interaction sur-
face(s) and the DNA sequence
specificity of any additional
proteins that act at the same
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Figure 5

Putative model for an architectural regulatory hierarchy in development. The hierarchy of regulatory
events in embryogenesis is thought to be coupled to the assembly of higher-order nucleoprotein com-
plexes, whose assembly is promoted by SOX proteins (triangles). Early events, which might involve
one or more (orphan) nuclear hormone receptor proteins, SOX proteins and other proteins separate
kidney, gonad, adrenal and skeletal developmental pathways. Arrows represent different pathways,
but do not imply exact timing or extent of development along that path. The monolith represents a
point of commitment in embryonic development after which certain group(s) of cells are committed to
specific organ system developmental pathways. The influence of SRY on testicular differentiation is
expected to involve other regulatory proteins that might or might not interact with SRY itself. SRY
stimulation of testicular differentiation shuts off the further development of Miillerian ducts as a con-
sequence of Millerian inhibitory substance (MIS) released from testicular Sertoli cells. Failures in the
actions of several proteins discussed in the text lead to ciinical disorders, which affect not only the
indicated organ system, but also gonadal differentiation and, thereby, sex determination.

control locus, rather than
their own DNA specificity.

The delayed synthesis of MIS relative
to the onset of SRY production allows
for the possibility that an unidenti-
fied SOX protein, perhaps under the di-
rect control of SRY, might actually be
the architectural regulator at the MIS
promoter, yielding the simplest expla-
nation for SOX regulation of MIS. The
hunt for SOX transcripts and/or pro-
teins, together with their characteriz-
ation, might therefore provide an av-
enue to identify many morecomponents
of the sex determination pathway in
mammals.
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Why mammalian cell surface
proteins are glycoproteins

Carl G. Gahmberg and Martti Tolvanen

Most proteins presented at the external surface of mammalian cells con-
tain carbohydrate. The reason for this is not fully understood, but recent
work has shown that such carbohydrate has two major functions. Inside
the cell, it helps proteins fold and assemble correctly in the endoplasmic
reticulum, and it might also act as a signal for the correct migration of
glycoproteins. Outside the cell, it provides specific recognition structures
for interaction with a variety of external ligands.

EARLY WORK IN the 1960s on the mor-
phology of mammalian cells showed
that the external surface of the plasma
membrane is rich in carbohydrate,
whereas the inner side is devoid of con-
ventionaltype oligosaccharides!. Until
recently, it was unclear whether the
carbohydrate was confined to few or
many different cell surface glycoconju-
gates?, and the development of radio-
active techniques in particular has al-
lowed the carbohydrate portions of
exposed cell surface glycoproteins and
glycolipids to be labeled®*. It was then
possible to study the larger number of
glycoconjugates specifically presented
at the surface of various cells. Also, it
became apparent that cell membranes
contain a multitude of glycoproteins,
many more than previously thought®S,
In 1976, after studying human eryth-
rocytes and other cells, it was proposed
that cell surface proteins are always
glycoproteins®. A similar proposal was
made independently by Bretscher and
Raff2. As more and more mammalian
cell membrane proteins and the genes
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encoding them have been characterized,
cloned and sequenced, this proposal
has turned out to be largely correct.

Most glycoproteins are N-glycosylated,
i.e. they contain asparagine-linked oligo-
saccharides located at the peptide se-
quence(s) NxS/T (where x stands for
any amino acid except for proline) at the
external aspect of the membrane. Some
membrane proteins are O-glycosylated,
with the carbohydrate chains attached
to serine or threonine residues, which are
often clustered in distinct regions of the
polypeptides. Most O-glycosylated pro-
teins also contain one or more N-glyco-
sidic oligosaccharides’. The importance
and requirements for O-glycosylation
have yet to be elucidated.

Exceptions to the rule

Early searches of the literature for un-
glycosylated surface proteins in mam-
malian cells met with little success. How-
ever, in 1982, the human red cell Rh(D)
(Rhesus) protein, with an apparent mol-
ecular weight of 30-32kDa, was identi-
fied®?. Importantly, no evidence for the
presence of carbohydrate was found',
and subsequent cloning and sequencing
of its cDNA and that of other polypep-
tides belonging to the Rh-blood group
system, showed that they do indeed
lack Nglycosylation sequences!V2,

Thus, this protein seemed to be an
exception to the glycosylation rule.

However, more recent work has
shown that this is not the case. There is
now evidence that the Rh-polypeptides
form part of a large glycopolypeptide
complex, including among others the
Rh50 glycoproteins and the Landsteiner-
Wiener (LW) blood group glycoprotein
(intercellular adhesion molecule 4)
(Refs 13, 14). This situation is similar to
that of B2-microglobulin in class I trans-
plantation antigens, where the unglyco-
sylated protein associates with the
heavy chains of the transplantation
antigens. The importance of the associ-
ation of the Rh-polypeptide with other
glycosylated proteins is underscored by
the fact that it has not yet been poss-
ible to express the Rh cDNA in any
mammalian cell expression system.

In a recent survey of the SWISS-PROT
database (release 33.0, April 1996) we
found 1823 complete animal protein
entries with reported extracellular fea-
tures, of which 1671 (91.7%) were
described as ‘glycoproteins’ in the key-
word field; 1630 of these 1671 contained
the N-glycosylation peptide sequence
NxS/T. The remaining 8.3%, representing
152 potentially non-glycosylated plasma-
membrane proteins, contained 116 pro-
teins with multiple transmembrane re-
gions, 15 proteins that are known to
associate with glycosylated subunits in
a complex such as CD3 chains and the
Rhesus D-polypeptide, and seven that
contained 5-38 potential N-glycosylation
sites, i.e. polypeptides highly likely to be
glycosylated, yet not marked as glyco-
proteins. This leaves only 14 sequences
(0.7%) that are candidates for non-
glycosylated, non-complexed plasma
membrane proteins with a single trans-
membrane domain.

In another survey, we assessed
whether this high representation of the
N-glycosylation tripeptide sequence is
more than should be found by chance
alone*. To do this, we extracted all se-
quence features marked as extracellu-
lar domains from animal proteins in
SWISS-PROT 33.0, which resulted in
4259 stretches of sequence from 1933
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